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Abstract contribute to the design of the Joint Project and the R&D
target will be shifted toward the Joint Project.

The JAERI/KEK Joint Project based on a high intensitin the NSP and the Joint Project, pulsed operation of the

proton accelerator is planned. Superconducting caviti&& cavities is necessary. Therefore, dynamic behavior of

are intended to apply to the high energy part of the linathe Lorentz detuning is important for stable RF control.

System design of the SC linac for the Joint Project hasrentz vibration model was established to describe

been carried out on the basis of a design for the JAEBYnamic behavior of the Lorentz detuning.

original project. In the R&D work for superconductingThis paper describes the system design of the SC proton

cavities, vertical tests of single-cell and 5-cell cavitiedinac for the Joint Project, the present status of the R&D

pretuning of 5-cell cavities were carried out. A modedctivities for SC cavities in JAERI, and investigation on

describing dynamic Lorentz detuning has been newthpe dynamic Lorentz detuning.

established. Validity of the model was confirmed

experimentally. This paper describes the system design & SC LINAC FOR THE JOINT PROJECT

the SC proton linac, present status of the R&D work and

the new model for the dynamic Lorentz detuning. 2.1 Overview of the Joint Project

1 INTRODUCTION Figure 1 ;hows a schgmatic view of the aqcelerator for the

, , Joint Project. It consists of a 600-MeV linac, a 3-GeV
Japan Atomic Energy Research Institute (JAERRcs and a 50-GeV synchrotron. Fundamental particle,
proposed the Neutron Science Project (NSP) for thg, jear physics and neutrino experiments will be done by
investigations in the fields of basic science and nUdeﬁFoton beams from the 50-GeV synchrotron. The neutron
technology by using of the high intensity protorygience muon science and exotic nuclei science will be
accelgrator[l]. The accelergtor was designed .to be a Ifidied using proton beams from the 3-GeV RCS. R&D
GeV linac and two storage rings, and the maximum beagy,gies for the nuclear transmutation will be performed
power was intended to be 5 MW. Superconducting (SQin proton beams from the linac.
structure was chosen for the high energy part of the lingg,o project is divided into two phases. In the first phase,
from 0.1to 1.5 GeV[2]. o 1 MW and 750 kW beam power will be achieved at the
High Energy Accelerator Research. _Orgamzaﬂon (KEI%utput of the 3-GeV RCS and the 50-GeV synchrotron,
also planned the Japan Hadron Facility (JHF) for ne””‘?@spectively. The 5 MW beam power for the neutron

science, muon science, exotic nuclei science, fundamentgloce is the final goal in the second phase. The upgrade
particle physics and neutrino oscillation experiment[3]. It

3-GeV Experimental Area

was planned that the JHF comprises a 50-GeV main Neutron Science
Z}f/]rgjc;\r;ég)r':/,l e?/ ﬁr-]ggzv rapid-cycling synchrotron (RCS) Lnec Uparde 3oy s Muon Science Egb(;ﬁ\r;emm
In 1999, JAERI and KEK agreed each other to bring the (LT:;:E'”) \
NSP and the JHF into one joint project because botkrQ SL Linac
projects have some common features which are’spr ccL
summarized in a single key word; “high power proton  ,oomeyv | . |....Upgrade Path #1
accelerators’[4]. Design work and R&D studies for the 400MeV | AR S N\ (orarage Ring
Joint Project are in progress. R&D studies for the SC COMEVN Upgrade path #2
proton linac based on the NSP is being continued in R&Dfor RCS 50-GeV Synchrotron
JAERI in collaboration with KEK. The R&D results rasmuton | (oS

Neutrinos to }Oﬂl
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* E-mail: ouchi@linac.tokai.jaeri.go.jp Fig. 1 Schematic view of the Joint Project



to Phase-ll will be achieved with full-energy linac (1 Quadrupole RF Input Coupler

GeV) and storage rings (upgrade path #1). Other upgradecOcuzl1 agngtgf%mm:

path is also considered; upgrade the energy and curren%& Ej
the RCS and install one more RCS (upgrade path #2)[4]. L Yy ey )

The linac for Phase-I comprises a negative ion source, a

3-MeV RFQ, a 50-MeV DTL, a 200-MeV SDTL Lg | Lol Lg | 85cm 85 cm
(Separated type DTL), a 400-MeV CCL and a 600-MeV Descglif]:ing

SC linac. Frequency of RFQ, DTL and SDTL is 324 MHz.

Frequency of the high energy section of CCL and SC
linac is determined to be 972 MHz which means 3 times Fig. 2 Schematic view of lattice structure

frequency jump at 200 MeV. Momentum spread Ofpase angle was set to be —35 deg. in this design.

Ap/p<0.1% is required for the linac output beams to injegfy re 2 shows the schematic view of lattice structure of
to.the RCS, that is very important for Qe_sign of the linagha sc Jinac. The lattice design has been performed
Itis planned that 400 MeV beams are injected to the RGa o rding to the equipartitioning scheme to reduce
in the first commissioning, because beam study of the $6¢ it dinal emittance growth. Lengths of quadrupole
linac in the pulsed operation is necessary t0 Providg,qnets were determined from the limitation of Lorentz

acceptable beams for the RCS. In this perio_d, the SC ”rﬁ?ipping of the negative hydrogen beams due to the
provides beams to the R&D for transmutation as well 8554hetic field. Design criteria of 10% margin for the

the beam study, and then 600 MeV beams will be injected, gradient of stripping rate less than®id at bore
to the RCS. radius (5cm) is adopted in this design. We also apply a

2.2 System design of the SC linac criteria for lattice design that zero current transverse

o ) ) phase advance should be less than 90 deg. to avoid the
Injection energy of the SC linac is 397 MeV and outpW ejope instability. Table 1 summarizes the design

energies at Phase-1 and Phas_e-ll are 600 MeV and 1 ,G?)\a{rameters. Quadrupole magnet lengt}) énd distance
respectively. Reference design of the SC proton Iinggnveen magnets (l) are 45 cm in the energy region up
system from 397 MeV to 1 GeV have been performed. , gng Mev. In the higher energy region, they become
Resonant frequency of SC cavities is 972 MHz. Thengar (47-55 cm) because of the limitation of the Lorentz
number of cells per cavity and the maximum surface peginning. The E..values in the first group are less than
field (E,,) of the cavities are determined to be 7 and 28 \\//m pecause of the limitation of envelope instability.
MVI/m, respectively, by considering accelerator lengths g field of 20 MV/m is applied for all of the cavities

higher order mode effects, microphonics, coupler POWgS e first group, transverse phase advances exceed 90

and capital cost. L deg. to keep the equipartitioned condition. In the other

The SC proton linac should be divided into several cavi roups, E,, values are also adjusted to achieve smooth
oy . . ! ak

groups because proton velocities aré increasing ggase advance between groups. Total lengths up to 600

accelerated. Too few groups cause low acceleratingy 1000 MeV are 109 and 281 m respectively.
efficiency and emittance growth, and too many groups ’

lead increase of fabrication costs. A scheme of “san%e2 Beam simulation

phase slip at each cell [2]" has been adopted in the cavi¥am simulation has been carried out using the modified
grouping. We have chosen 6-group design, i.e., 3 groUsaRMILA code. Figure 3 shows RMS emittance from

between 397 and 600 MeV, and 3 more groups betweggyz 1 1900 MeV. Since the equipartitioning scheme has
600 and 1000 MeV. In this design, the phase slip of thg.e, anplied in this design, emittance growth rates in both
beam bunch in the 7-cell cavity is less than 10 deqrpnsyerse and longitudinal direction are very small as
which provides high accelerating efficiency and lowy, .1 in Fig. 3. The calculated RMS beam size in
longitudinal emittance growth. Average synchronougansyerse direction is in the region between 0.8 to 1.8

Focusing Period

Table 1 Design parameters for the SC linac

GroupNo. 1 2 3 4 5 6
Energy(MeV) 397-453 453-523 523-600 600-696 696-824 824-1000
Particlef3 0.711-0.738| 0.738-0.766| 0.766-0.792| 0.792-0.818| 0.818-0.847| 0.847-0.875
GeometricaB (B.) 0.725 0.751 0.778 0.806 0.833 0.861
E_.(MV/m) 15-20 19.2-20 18.8-20 20 19.4-20 19.4-20
E._.(MV/m) 5.2-7.2 7.2-7.6 7.5-8.2 8.3-8.4 8.4-8.8 8.5-9.0
No. of modules 7 7 7 8 10 13
L,L,(cm) 45 45 45 47 50 55
Length (m) 35.8 36.2 36.6 42.8 55.0 74.2




0.031

g § 0.030 Translverse RMS Emitltance I I : éo % 601 — : . 601
é E 0.029 | Y Average :‘E g g
iy BE Ittt b
0.027 : ! . L 320 & Erm : :
400 600 800 1000 3 or bar: Error bar :
5 Standard deviation of 1000 runs Standard deviation of 1000 runs
0.86 F T - T T T 14 ’\E,* O 599 0 1 > 599 o 1 >
3 § Longitudinal RMS Emittance %’ Phase Error (deg.) Amplitude Error (%)
g2 o084f 12 . . .
£l 0.82 o = Fig. 5 Energy spread of the beams obtained in the
i} - T 2 .
= A 1,3 error analysis
0.80 k£ L L ) L T o
400 600 800 1000 evaluated total energy spread.
Energy (MeV)
H : . . = 2. 2 2 = +
Fig. 3 RMS emittances obtained in the beam g \/Ulmector + Tbpier + 0 avperr = $0.36 MeV
simulation Required energy spreatll MeV, is approximately same

C . as 3. Therefore, we considered that the error tolerance
mm. As the bore radius is set to be 5 cm, the ratio of bor? . : i
. LT - ol the RF control is less tharideg. in phase antll% in
radius to RMS beam size is more than 28, which IS_ . .
; ; . _amplitude. In addition to the RF control error, we should
considered to be enough to reduce beam loss in the linac. ' . S
: : - onsider intrinsic energy spread, 0.2 MeV, after
It is planned that 600 MeV proton beams will be mJeCtegebunchin without anv errors
into the RCS in the Phase-I of the Joint Project. For the 9 y ‘
RCS injection, momentum spread of the beams should be
less thant0.1%, which refers to energy spread less than 3 SC CAVITY DEVELOPMENT
about+1MeV. Effects of the RF control error have beeriSC cavity development is continued on the basis of the
evaluated in the energy region between 397 to 600 Me¥AERI original project (NSP). In this development work,
Phase and amplitude errors of the cavity field have beeertical tests of a single-cell cavif3=0.886), pretuning
introduced independently in the simulation. These errooé 5-cell cavities $=0.5 and 0.886) and vertical test of 5-
have uniform distribution in the range up#8deg. and cell cavity 3=0.5) have been carried out.
+2% for phase and amplitude, respectively. 1000 ) . .
calculations were carried out in a given error conditios-1 Vertical tests of a single-cell cavity
and average output energy of the beam bunch in egg8~=0.886)
calculation was dealt with statistically. Figure 4 show:
histograms of the average output energy for phase
amplitude errors; energy spread of the beams beco
wider as the errors increase. We estimated the ene X .
spread using the standard deviation of the histogra gon;zetrlcal faptolr of the cavity are 594.2 MHz, 2.0, and
Figure 5 shows the standard deviations as error bars a% gf , respectively. f b | lishi BP d
function of amplitude and phase errors. In the cases rface treatment o arrel  polishing (BP) an

*1deg. phase error and % amplitude error, the standardﬁleCtrOpOICijS:i_n% (EP1), heat treatment at & for 3
deviations ares. = +0.23 MeV ands. . = +0.19 MeV, ours, and high pressure water rinsing (HPR) at 8-9 MPa

PHlerr AMPerr . . . .
respectively. Energy spread of the injected beam at 3 1.5 hours were applied in this cavity. After these

MeV was assumed to ke = 0.2 MeV. We assumed processing, the first vertical test was performed. Average

jector

that these energy spreads cause independently ard

single-cell cavity off3=0.886 was fabricated in the
K workshop. Figure 6 illustrates cross sectional view
the cavity. Resonant frequency, JE, . ratio and

acc
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Fig. 4 Histograms of the average output energy Fig. 6 Cross sectional view of a single-cell cavity
obtained lg 1000 calculations in each error condition (B=0.886)
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Fig. 7 Vertical test results of a single-cell cavity Fig. 9 Field distribution on axis of the 5-cell copper
(B=0.886 model cavity $=0.5) before and after pretuning

removal thicknesses in BP and EP1 were fi@4and 31 geometrical factor of the cavity are 600 MHz, 4.67, 94.8
um, respectively. After the first test, additionalOe/(MV/m), 77.X2 and 137Q, respectively. Equator
electropolishing (EP2 : 30n), HPR and the second straight lengths at both end cells are adjusted to achieve
vertical test were carried out. flat electric field distribution on the beam axis. Pretuning
Figure 7 show the gE ., curves obtained in the vertical of these cavities have been carried out.

tests. The measurements were performed at 4.2K arigure 9 shows the relative electric field on beam axis
2.1K in the both tests. In the first tesf, Fvalue of 47.2 measured by bead perturbation method for the copper
MV/m was achieved at 2.1K. At 4.2K, Evalue reached cavity before and after the pretuning. The calculated
36 MV/m, where the limitation was the output power ofesult by the SUPERFISH code is also presented in Fig. 9.
the RF amplifier. The maximum field strengths obtainetflaximum deviation of the peak field at each cell center
in these tests were much higher than the design fielhs 37.5% before the pretuning. After the pretuning, the
strength in the NSP (16MV/m). Quality factors at lowdeviation was improved within 0.7% and the agreement
field region were 210° and X10 at 2.1 and 4.2K, of the measured data with the calculated data is quite well.
respectively. Field emission was observed in the higfrequency error of the cavity was also improved from
field measurements. In the second test, field emission wds5 MHz to +14 kHz.

observed even in the low field measurement. However,lit the case of the niobium cavity, we had a trouble in
was processed at E of ~16 MV/m in the 2K fabrication; the final electron beam welding at iris
measurement and was reduced much much in the highetween cell #3 and #4 made hole because the cavity
field region. The reason of the field emission igotation was not smooth. The hole was repaired and
considered to be impurity of the water used in the HPRielding was repeated several time to make complete
The maximum E_ values were 51 and 29.5 MV/m at 2seam. As the result of this trouble, iris between cell #3
and 4.2K, respectively. Quality factor at 2K was abowtnd #4 became narrower compared to the designed shape.
2x10"° which was the same as the first measurement aWée tried to force pretuning of this cavity and the shape
was kept in the high field region. However, quality factowas deformed very much. Figure 10 shows the electric
at 4.2K was in the range betweex18° and %10’ which

were less than those in the first measurement. 12— . Defore pretuning (600.635MHz)

After Pretuning (615.96 MHz)
3.2 Pretuning of 5-cell cavitie$£0.5, 0.886)

l 2.1% — SUPERFISH (600 MHz)
Two 5-cell cavities of3=0.5 were fabricated in the KEK
workshop; one is a copper model cavity and the other is
niobium cavity. Figure 8 illustrates the shape of 5-cell
cavity. Frequency, EJ/E,., H./E.. R/Q and
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; ; wie | oo Fig. 10 Field distribution on axis of the 5-cell
Fig. 8 Shape of 5-cell cavitB£0.5) niobium cavity $=0.5) before and after pretuning
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field distributions before and after the pretuning i 42K PR &
compared to those obrained by the calculation. Field L Rs=262n0
flatness within 2.1% was achieved after the pretuning but e I L. 3=
. 0 4 6 8 10 12 14 16 18 20
cavity length became longer by about 6 cm and frequency Epeak (MVIm)

increased by about 16 MHz.
Two 5-cell cavities off(3=0.886 made of copper and
niobium were also fabricated in Toshiba corporatiorstrengths exceed design values of 16 MV/m but much
Figure 11 illustrates the cross sectional view of the cavitiower than those obtained in the single-cell cavity tests[5].
Frequency, E./E,., H,./E... RIQ and geometrical factor Quality factors were reasonable at low field strength
of the cavity are 600 MHz, 2.04, 47.4 Oe/(MV/m), 443 (1x10° and &10’ at 2K and 4.2K, respectively), but were
and 235Q, respectively. Pretuning of the copper modallegraded as field increase. Surface resistance values at 16
cavity was carried out. Figure 12 shows the fieltlvV/m were 101 @ and 262 @ at 2K and 4.2K,
distributions before and after pretuning. Field flatness wasspectively. The cavity performance was not good
improved from 38.4% to 1.3% in the pretuning. Pretuningompared to the single-cell cavities, that is considered due
of the niobium cavity is in preparation now and will beo the cavity deformation in the pretuning described in
done in a few months. Sec. 3.2, and insufficient surface treatment as a result of
the deformation.

Fig. 13 Vertical test results of a 5-cell caviBr0.5)

3.3 Vertical test of 5-cell cavity€0.5)
Surface treatment and vertical test of the 5-cell niobium4 DYNAMIC ANALYSIS OF LORENTZ
cavity (3=0.5) were carried out. The same procedure of DETUNING

the surface treatment as the single-cell cavity=d.886, |, \he joint Project, pulsed operation of the SC cavities is
i.e., barrel polishing (BP) and electropolishing, (EP) Wa§janneq:; repetition rate of 50Hz and beam pulse length of
applied in this cavity. Average removal thickness in B 5.5 ms. Dynamic behavior of the Lorentz detuning due

and EP were 97im and 30pum, respectively. After the 4 he puised operation is very important for stable RF
surface treatment, heat treatment at 760for 3 hours  .,n4o) of the cavities. Lorentz vibration model was

and HPR for 1.5 hours were done before vertical test.  ggiapjished to simulate RF control of the cavity including
Figure 13 shows the result of the vertical test of the 5'C?ﬂ/namic Lorentz detuning.

cavity. Maximum field strengths of 17.3 and 18.7 MV/m

were achieved in 2K and 4.2K measurementg,1 Dynamic analysis of Lorentz detuning by
respectively. The limitations of the field were quench angirctural analysis code

RF power at 2K and 4.2K, respectively. These field

12 , , , In the first step of the investigation, we performed

T T T
_ after pretuning : ZSiSE”F;‘;TS“:‘S dynamic analysis of the Lorentz detuning using the FEM
< 10 ' code “ABAQUS". Figure 14 shows shape of a model
2 used in the analysis as well as deformed shape by the
£ o8 stationary Lorentz force. The model was axisymmetric
< .
2 06 Z Axis Iris
] Deformed Shape
5 \
- 04
°
L
L o2 Original Shape
‘g ’ $=0.604 Equator
w 0.0 R Axis
’ 0 200 400 600 800 1000 1200 1400 1600
Z Axis (mm) Fig. 14 Cavity model used in the dynamic Lorentz

Fig. 12 Field distribution of the 5-cell copper model detuning and deformed shape by the stationary
cavity (3=0.886) before and after pretuning Lorentz force



half-cell geometry of 600 MHz cavity and the geometrical
B was 0.604. Fixed constrained condition in the Z- 2
direction was applied for both ends, iris and equator. The 10
Lorentz force on the cavity wall was deduced from the o j AP p A Apinfiapay o
electromagnetic field distribution obtained by theF - -

SUPERFISH code. Dynamic deformation of the model iz 2 \ ?Qﬁfr:fnman_ce” oYL
each time step was calculated by modal analysis meth&d-so \ / Qm=100

using the ABAQUS code and was converted to frequenay -« \ /‘

shift using frequency sensitivity data by the SUPERFISH s \ {
C(_)de' . ) -60 \\/ A i ’{ Stationary Lorentz Detuning
Figure 15 shows an example of the dynamic analysis i

result. In this analysis, cavity wall thickness was 4.8 mm, ° ° » e 0
mechanical quality factor (p was 100, and cavity field
increased linearly in 2 ms, held for 2 ms and decreased
linearly in 2 ms. The result indicates that the Lorentz Mode #1: 958Hz
detuning reacts very quickly and vibrates in the flat top /
and after the RF pulse. In this modal analysis, 10
mechanical modes were considered and we found that th /
first 3 modes dominates the dynamic deformation by the

Lorentz force. These 3 mechanical modes are shown in Mode #3: 3412Hz
Fig. 16. Thus, the vibration in Fig. 15 has 3 frequency
components corresponding to these 3 mechanical modes.

T
Epeak=16MV/m 20

Epeak (MV/m)

IS
S

Dynamic Lorentz detuning

-60

Time (ms)
Fig. 15 Example of the dynamic analysis result

e
Original Shape

Mode #2: 2085Hz

Fig. 16 First 3 mechanical modes of the half-cell

4.2 Lorentz vibration model The inner products of (df/du)sfaand (F)(a) mean the

The Lorentz detuning and the cavity field affect eachequency sensitivity ofk-th mechanical mode and
other. Therefore, the dynamic Lorentz detuning and tg@ntribution of the Lorentz force to theth mechanical
dynamic cavity field have to be solved simultaneously iffode. (k) and (df/du) can be calculated by the
order to simulate RF control of the cavity field. Sucl§lectromagnetic analysis code (SUPERFISH), @apdm,
method is impossible in the method described abo@®d @ can be obtained by the structural analysis code
because the structural code requires time-dependéfBAQUS).

Lorentz force, i.e., cavity field, before the calculation. ~ The equation (1) was applied to solve the same problem
To solve the dynamic Lorentz detuning and the dynam@$ described in Sec. 4.1. A programming language of
cavity field simultaneously, we established LorentMATLAB/Simulink was used to solve the double
vibration model which describes dynamic behavior of th@ifferential equation (1). Figure 17 shows the result by the

Lorentz detuning as follows [6,7]. Eqg. (1) compared with that by the modal analysis with the
N dA f oy 2 ABAQUS code. An agreement of the result by the
kp Omk K42 AF =Ky O-C0 (1) Lorentz vibration model with that by the modal analysis
dt* Qe dt Vol with the ABAQUS code is excellent as shown in Fig. 17.
1 O o - %ﬂ -0 Therefore, it is confirmed that the Lorentz vibration
Kk :E%E’ (ak) FO)'(ak)E model is equivalent to the modal analysis using the
Af =5 Af e *
= % K ol Epeak=16MV/m E:Z:n(i?n(HaIf-cell model) 1
where 10 Qm=100
V. : cavity voltage (V) 0 \ﬁn\,svn'awa'ﬁ. %A_%n'.vn,v._n AP o

k : mechanical vibration mode number

N -10 —
Af | 1 detuning for k -th mode (Hz) S \ i 20 é
Af : total detuning (Hz) § 20 ‘!, f Modal Analysis by ABAQUS ™
wmk : angular frequency fde  -th mechanical mode (rad/s) & § i (;‘l’]rnj"ghjféztfl"m‘)’de' 1o &
Qu © quality factor fork -th mechanical mode Wb b
m¢ : generalized mass fer-th  mechanical mode (kg) 3 Z
N 60 — Stationary Lorentz Detuning -60
Fo : Lorentz force vector at cavity voltage\p§ (N) 0 L m " -
ax . eigenvector fok —th mechanical mode Time (ms)

Fig. 17 Comparison of results by the Lorentz
vibration model and the modal analysis with the
ABAQUS code

df /du : frequency sensitivity vector for displacement (Hz/m)
u : cavity wall displacement (m)
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Fig. 20 Dynamic Lorentz detuning measured in the
pulsed operation

Fig. 18 Detuning for each mechanical mode and the
total detuning obtained by the Lorentz vibration
model

structural analysis code. In the Lorentz vibration mod ulses in order to keep lock of PLL (phase locked loop)

contribution of each mechanical mode to the cavity. it cayity field strength at beginning of the pulse was
detuning is derived. Figure 18 shows the detuning f(ﬁr ~0.7 MV/m; this effect to the dynamic Lorentz

each mechanical mode and_ the total detu_ning. It _is CIe@gtuning was negligibly small. Dynamic Lotentz detuning
that mode #1-3 and #8 dominate the detuning in this Casfas measured by taking a FM control signal of PLL

circuit through a low path filter of 1 kHz. The signal was
accumulated for about 40 pulses and averaged in order to
In order to observe the detuning vibration experimentallgliminate random noises.

a pulsed operation was carried out in the vertical test. igure 20 shows the dynamic Lorentz detuning obtained
cavity used in the test was the single-cell cavity dh this test. Vibration of the detuning was observed at the
[3=0.886 described in Sec. 3.1. In this test, one side fidit top and decay of the pulse as expected. Impulses at
cavity flange was fixed to the cryostat and the other sidee beginning of the rise, and both ends of the flat top
was free. As a result of this constrained conditiorwere response of a feedback controller used in the PLL
mechanical vibration mode of very low frequency wasircuit. Frequency and quality factor of the vibration were
excited even in the slow and long pulsed operation at tbetimated to be 122 Hz and about 60 by analyzing the
vertical test. The measurement was made at 4.2 \aveform at the decay.

External quality factor of the input coupler was abourhe Lorentz vibration model of Eq. (1) was applied for
9x10'. the simulation of the pulsed operation. In order to prepare
Figure 19 shows RF power control signal, which iparameters the SUPERFISH and the ABAQUS
proportional to the RF amplifier output (max. 300W), andalculations were carried out and we found that the first
E,. IN a pulse. Rise time, flat top and repetition rate ahechanical mode dominates the deformation. Figure 21
the pulsed operation were 60 ms, 100 ms and 0.76 Hhows the first mechanical mode. The frequency of the
respectively. The slow and long pulsed operation was dode was calculated to be 111 Hz, which agreed well
to the high loaded-Q and low RF power in the vertical tegiith the frequency of the detuning vibration obtained

%ystem. Low RF power was fed to the cavity between the

4.3 Pulsed operation in the vertical test
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Fig. 19 RF power control signal and,Ein the

pulsed operation Fig. 21 First mechanical mode of the cavit



200 : : : : the flat top became same as the measured data. Figure 23
shows the comparison between the modified simulation
results and the experimental data at the flat top region.
200 | . The agreement between the modified simulation and the
measurement becomes very good.

-400 -

500 | | 4.4 RF control simulation including dynamic
Measuremen Lorentz detuning

Detuning (Hz)

The Lorentz vibration model was applied to a simulation
. of an RF control of the cavity. Dynamic cavity voltage
Lorentz vibration model . . . "
1200 o 3 v » o5 (V=V 4V, is described by the two-coupled first order
Time (sec) differential equations as follows[8].

-1000 B

Fig. 22 Comparison between the Lorentz detuning 4 Wel Gwy, ~AwOVel, JJZERL Irel] )
obtained by the measurement and the Lorentz dt Vi 580 - wuVind 2R Ind

vibration model where
. L , wﬂz 3dB band width of the cavity
experimentally, 122 Hz. In this simulation, parameters o

V_and Q in Eqg. (1) were prepared from the experimenta Zn(Af pre +Af) .
data; E...data shown in Fig. 19 and, €60, respectively. Afpre © Pre - detuning of the cavity
Figure 22 shows the simulation result compared with tha L :_( / q Q

by experiment. Average detuning frequencies at the flat

top obtained in the measurement and the simulatioh=!re +J| im=l g *lp

agreed within 10 %. Behaviour of the vibration at the flal ¢ generator current

top and the decay obtained in the simulation is similar tp,  : twice of beam current

that by the measurement. The model of this problem &, = R I, : generator voltage
very simple and the agreement between the measurem@gt R_ 1y : beam induced voltage
and the simulation indicates that the Lorentz vibratio
model describes dynamic behaviour of the Loren
detuning in the pulsed operation.

Insignificant disagreement between the measurement
the simulation shown in Fig. 22 is considered due
errors of data used in the simulation, i.e., elastic modul
of niobium, thickness of the cavity wall and cavity shape
as well as the measurement error of the field strength o

quations (1) and (2) are coupled by &d Af and
solved simultaneously.
parameters used in this simulation are summarized in
aI'E le 2. Loaded quality factor (Qwas obtained by the
Bgtlmum coupling of an input coupler for the beam

Table 2 RF parameters for the RF control simulation

. . oo Frequency 600 MHz
the cavity. In applying the Lorentz vibration model, B 0.604
parameters oty and K (only the first mode dominates :
the detuning in this problem) were modified so as to No. of cells >
g P E_ 16 MV/m (at flat top)

reproduce the experimental data.was set to berx122
(rad/sec) and Kwas set so that the average detuning at Ve 3.01 MV (at flat top)

Beam current 28 mA (,=56 mA)
Synchronous phasg | -30 deg.
950 - - - - - Beam pulse length 0.5 ms
Q, 1.11E10
| Measurement QL 1 08 E6
_ i / R/Q 115.39Q/cavity
z /\ A A A A /\/\ fi Cavity wall thickness | 3 mm
g -1000 \/ “_ .‘ \} \/ \j \/ _“:: :
é Table 3 Lorentz vibration parameters for the RF control
Lorentz vibration model simulation
(parameters of w, and K, were modified) MOde No. k 1 2 3 4
1050 . L L . L w, (krad/s) 363 | 100 | 154 | 21.6
0.10 0.12 0.14 0.16 0.18 0.20 0.22
Time (sec) m, (kg) 134 | 153 | 1.71 | 1.55
Q. 100 | 100 | 100 | 100
Fig. 23 Comparison between the modified {df/du}+{a,} (MHz/m) | 3.29 | -7.28] -6.18| 0.98
simulation and the measurement at the flat top {Fl-{a} 436 | 2150 | 1820 | -64.5

region



00 05 10 15 20 25 30 35 40 the NSP tothe JointProject. A model which describes the
g 7F I T dynamic Lorentz detuning in the pulsed operation was
S 5f Vo @ 7 newly established. The model was applied to the
= ‘31; ] simulation of the RF control successfully.
= 2F - A ] Design of a prototype cryomodule, which includes two 5-
g (1)" , M. \(b ; L ] cell cavities of3=0.604, is in progress. Fabrication of the
- ' r r ' 7 ' cryomodule will be finished in 2000. Cavity and
§ ] cryomodule tests will be done in that year. Experiments
> (b) of the RF control is planned using the prototype
§ 1 cryomodule.
D_ 4
~ ;g 6 REFERENCES
3 C ]
= 0 NG [1] M. Mizumoto et al., “A High Intensity Proton Linac Development
e -501 ] for the JAERI Neutron Science Project”, Proc. Linac98., Chicago, USA,
%))_ -100¢ () ] (1998) in press,
ff :;gg_ ] [2] N. Ouchi et al., “Proton Linac Activities in JAERI”, Proc. 8th
! Workshop on RF Superconductivity, Abano Terme (Padova), Italy, p12
~ 10Ty T (1997)
2 o5k |l (d) 3 [3] Y. Yamazaki, “ The Japan Hadron Facility Accelerator”, Proc.
°© | APAC98., Tsukuba, Japan, p314 (1998)
§ 0.0 | T [4] Y. Yamazaki et al., “Accelerator Complex for the Joint Project of
5 -0.5F E ] KEK/JHF and JAERI/NSP”, PAC99, New York, USA, p513 (1999)
LE i Phasg Error‘%) . ‘ ‘ [5] N. Ouchi et al., “Development of Superconducting cavities for High
-1.0 Intensity Proton Accelerator in JAERI”, IEEE Trans. on Applied

00 05 10 15 20 25 30 35 40
Time (ms)

Fig. 24 Result of the RF control simulation including
dynamic Lorentz detuning

Superconductivity, vol. 9, No. 2, p.1030 (1999)

[6] E. Chishiro et al., “Study of RF Control System for
Superconducting Cavity”, Proc. of 12th Symposium on Accelerator
Science and Technology in Japan (1999) in press

[7] C. Tsukishima et al., “Modelling of a super-conducting cavity de-

loading. Pre-detuning){,,) was set so as to minimize RFtuning by the Lorentz pressure”, Proc. of 12th Symposium on
power during the beam acceleration. Parameters for thgeelerator Science and Technology in Japan (1999) in press

Lorentz vibration model are listed in Table 3. Thes

8] T. Shilcher et al., “Vector Sum control of Pulsed Accelerating
ields in Lorentz Force Detuned Superconducting Cavities”, TESLA

parameters were obtained half-cell geometry because Wgy it TESLA 98-20 (1998)
found multi-cell effect for the detuning was small
compared to the single-cell contribution in the condition
that both ends of the cavity were constrained. In this
simulation, the first 4 mechanical modes, which
dominated the detuning as shown in Fig. 18, are
considered.

In the simulation, feedback and feedforward control was
applied. Details of the control method is presented in [6].
Figure 24 shows the results of the simulation. The cavity
voltage, V, was raised slowly in 1.2 ms in order to reduce
the detuning vibration at the flat top. Maximum detuning
was about 200 Hz at the beginning of the beam pulse and
the detuning decreased by 46 Hz in the beam pulse of 0.5
ms. The detuning change led phase shift and feedback
control stabilized cavity phasep) by changing the
generator phasepj) by 5 deg. within the beam pulse. As
the result of the feedback and feedforward control,
amplitude and phase errors within the beam pulse were
less than 0.1% and 0.1 deg.

5 SUMMARY

System design of the SC proton linac has been carried out
for the JAERI/KEK Joint Project. R&D work of the SC
cavities for the high intensity proton linac is in progress
step by step. The target of R&D work will be shifted from
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